Different procedures are currently in place with patients for tear fluid recovery: Schirmer's test, capillary tube, or minisponge. Schirmer's test strips and capillary tubes have been shown to be reliable methods for tear collection and analysis with multiple cytokines [5, 6] . These procedures are minimally invasive compared to procedures that collect impressions or brush cytologies.
Many studies have demonstrated the presence of cytokines in tears. Elevated levels of inflammatory cytokines in tears have been described as associated with various ocular surface diseases [3, 7] . Recently, the standard operating instructions for evaluation of four tear cytokines was published, including recommendations for storage, transport, and performance of the immunoassays [6] .
Luminex® technology (Luminex Corporation, Austin, TX), a form of bead-based sandwich indirect immunofluorescent assay, is one of the most established multiplex bead array methodologies for measuring multiplex cytokines in biologic applications with high sensitivity [6, [8] [9] [10] [11] [12] [13] [14] . However, all Luminex assays are constrained by a minimum sample volume usage per well of 25 to 50 μl in a microtiter plate format. One major concern with the Luminex requirement and tear fluid in general is the smaller sample volume available and the low concentrations of analytes in the tear matrix compared to other biologic matrices such as plasma or urine. In the current procedure used in Luminex assays, tears are usually diluted and measured to minimum repeated levels, once or twice. Another common practice in certain scientific studies to circumvent the small volume of obtainable tears is the use of pooled tears; however, such methods are not appropriate for personalized medicine in which an individual patient's tear sample must be analyzed. From this perspective, there is an unmet need for an assay that handles small volumes. Quantitative proteomic methods such as isobaric tag for relative and absolute quantitation with 1 μl tear volume offer feasibility in small volumes but suffer from a long process of sample preparation, time acquisition, and analysis/ sample and are thus constraining for ease of diagnosis [15] .
We present a novel Luminex assay approach developed on a new platform DA-Bead that circumvents the tear volume limitations of current Luminex-based assays while maintaining a similar process assay workflow. DA-Bead is based on DropArray technology, a wall-less plate that can miniaturize cell-based/biologic assays at up to 90% reduced scale [16] [17] [18] [19] . DA-Bead (Curiox Biosystems, Singapore) is a wall-less plate defined with 96 circular wells on a polytetrafluoroethylene (PTFE) resin-coated polymer plastic and follows conventional microtiter plate specifications ( Figure  1A ). Each circular well is rendered hydrophilic through a combination of post-production process and plasma treatment. Each circular well can accommodate a drop between 5 and 20 µl volume. Drops remain confined to the hydrophilic circular well due to the surrounding presence of the hydrophobic resin. To provide optimum evaporation control during long incubation, an anti-evaporation lid is used on top of DA-Bead. An anti-evaporation lid is composed of a lid with an anchored medical-grade sponge material that absorbs PBS. Upon use of an anti-evaporation lid on top of a DA-Bead plate, high atmospheric humidity is established and provides evaporation control.
To perform uniform washing of the DA-Bead 96 wells during the Luminex magnetic-based assay, the DA-Bead plate is washed with the fully automated station LT-MX (Curiox Biosystems) that uses magnetic force, gravity, and pumps for the addition and removal of wash buffer ( Figure 1B ). DA-Bead is sealed in a washing station to form a rinsing chamber. After an initial 30 s magnetic bead focusing, the rinsing chamber is rotated counter-clockwise to 120°, and 80 ml of washing buffer is introduced through an inlet at the bottom of the chamber. The rinsing chamber is then returned to a horizontal . DA-Bead is rotated counter-clockwise to 120°, and washing buffer fills the plate from the bottom to the top (Step 2). DA-Bead is returned to the horizontal position. The rinsing chamber is then returned to a horizontal position and undergoes low velocity lateral shaking for 10 s at a speed of 20 rpm which is equivalent to a lateral shear force of 70.2 mm/s (Step 3). DA-Bead is rotated counter-clockwise to 120°, and the washing buffer is drained, producing a dry plate ready for the next reagent dispensing (Step 4). C: Bead count performance of experiments presented in this study on DA-Bead. Each dot represents the count for one analyte in a well. All bead counts are ≥50. Beads available per analyte in DA-Bead are reduced by 80% compared to conventional methods. position and undergoes low velocity lateral shaking for 10 s at a speed of 20 rpm which is equivalent to a lateral shear force of 70.2mm/s. A second addition of 30 ml of washing is performed with the chamber rotated counter-clockwise to 30°. Finally, the chamber is rotated counter-clockwise to 120°, and the wash buffer is drained. More background on the theoretical principle of the Curiox washer with the wall-less plate can be found elsewhere [16] [17] [18] [19] .
In this report, we present a novel DA-Bead method for performing a Luminex-based magnetic assay and use as an example a multiplex measurement of tumor necrosis factor (TNF)-α, interferon (IFN)-γ, interleukin (IL)-1β, and IL-6. We present application of this method with the use of a tear sample volume of only 5 μl and a reduction of Milliplex-based kit reagent usage by 80%.
METHODS

Human tear samples:
This study adhered to the Tenets of the Declaration of Helsinki. Human tear samples are based on a previous approved study [15] from 1,000 healthy subjects collected using the Schirmer tear test strips. After tear collection, the Schirmer strips were stored in −80 °C. Tear proteins from the Schirmer strips were extracted with PBS 1X (Na 2 HPO 4 8.1 mm, KH 2 PO 4 1.5 mm, NaCl 136.9 mM, KCl 2.7 mM, pH 7.3), and pooled in a single sample. Ethical approval (2009/910/A) for this study was obtained from the centralized institutional review board of SingHealth, and informed written consent was obtained from each patient.
Milliplex workflow with DA-Bead: To use the Milliplex kit (EMD Millipore Corporation, Billerica, MA) HCYTOMAG-60K with the DA-Bead 96-well plate, a reduction of 80% volume compared to the kit's recommendation was used. The beads, matrix, standard, sample, detection antibodies, and streptavidin-phycoerythrin volume were scaled down to 5 µl usage/well for each reagent instead of the 25 µl originally recommended. Bead content was reduced proportionally by 80% providing approximately 400 beads/analyte/well on DA-Bead with 5 µl volume compared to 2,000 beads/analyte/ well on the conventional microtiter plate with 25 µl volume. The manual multichannel pipettes 1-10 µl range was used during all steps of this assay requiring 5-10 µl volume addition steps. The DA-Bead well surface was initially blocked with 1that 10 µl PBS with 1% bovine serum albumin (BSA) for 30 min at room temperature. DA-Bead was then washed in LT-MX washer once with wash buffer. PBS 0.1%, BSA 0.05%, and Tween-20 as an acting washing buffer were used during all washing steps of this assay. DA-Bead was then used with 5 µl bead addition followed by the 5 µl Milliplex assay buffer acting as the matrix. The 5 µl standard, controls, or tear sample was added last with a pipette mix of 5X. DA-Bead was then placed on an analog MicroPlate Genie Shaker (Scientific Industries Inc., Bohemia, NY) for 5 s at an intensity scale of 4. During incubation, DA-Bead was used with an anti-evaporation lid on top and was secured in a secondary opaque square sealed container prepared with 100 ml PBS distributed over eight side C-fold towels (KimberlyClarck, Irving, TX). A square sealed container provides a secondary control for minimal evaporation and provides high atmospheric humidity. The container was subsequently placed on an NB-101M orbital shaker (N-Biotek, Bucheon, South Korea) at 200 rpm (0.67 ×g) overnight at 4 °C. DA-Bead was then washed in LT-MX washer 3X with wash buffer. Then 5 µl detection antibodies/well was added. DA-Bead was then placed on an analog MicroPlate Genie Shaker for 5 s at an intensity scale of 4 and incubated again with the anti-evaporation lid in a square sealed container on the same shaker as described previously for 60 min at room temperature. An addition of 5 µl streptavidin-phycoerythrin/ well was then performed. DA-Bead was then placed on an analog microplate genie shaker for 5 s at an intensity scale of 4 and incubated again with an anti-evaporation lid in a square sealed container on the same shaker as described previously for 30 min at room temperature. DA-Bead was then washed in LT-MX washer 3X with wash buffer. An addition of 5 µl Bio-Plex® (Bio-Rad, Hercules, CA) sheath fluid/well was then performed.
To accommodate a high concentration of beads at the reduced volume suitable for acquisition, two methods were used: The first method used a PCR plate with full-skirt PCR-96-FS-C (Axygen Scientific, Union City, CA). To transfer the bead content from DA-Bead to the PCR plate, DA-Bead was first placed on an analog microplate genie shaker for 5 s to release the beads from the plate surface. Addition by pipetting of 30 µl Bio-Plex sheath fluid/well and transfer of 30 µl from DA-Bead to PCR plate was performed 2X. The PCR plate was then shaken for 5 min at 800 rpm (1.07 ×g) at room temperature on a short orbital span thermomixer FP (Eppendorf, Hamburg, Germany). The Bio-Plex® 200 system (Bio-Rad) needle height was calibrated with the D6 well from the PCR plate with one microsphere added. The microsphere was from the kit CN-0015-01 (Luminex) and followed the Luminex guideline recommendations for calibration of V-bottom plates. The Bio-Plex 200 system was used following the recommended Milliplex kit guidelines at similar minimal 50 bead count requirements but with the following respective modifications: 40 µl injection volume and 60 s timeout. The second acquisition method used DA-Bead directly in the Luminex reader: After the last 3X LT-MX wash, 10 µl Bio-Plex sheath fluid was added in each well instead of 5 µl. DA-Bead was then placed on an analog MicroPlate Genie Shaker for 5 s to release the beads from the plate surface. A 96-well reading block (Curiox) was stamped with 10 ml reading fluid (Curiox) and transferred on the DA-Bead plate. Only a small layer of reading fluid of approximately 1 ml was retained on the reading block after stamping in the 10 ml volume. The reading fluid layer acts as a seal between DA-Bead and the 96-well reading block. Then 35 µl Bio-Plex sheath fluid was added in each well and mixed 2X by pipetting. DA-Bead was then shaken for 5 min at 350 rpm (0.2 ×g) on the short orbital span ThermoMixer FP. The Bio-Plex® 200 system (Bio-Rad) needle height was calibrated with the D6 well from the DA-Bead plate with on a small disc added from the CN-0015-01 kit (Luminex). The Bio-Plex 200 system was used following the recommended Milliplex kit guidelines at similar minimal 50 bead count requirements but with the following modifications: 30 µl injection volume and 60 s timeout.
Milliplex assay analysis:
The Milliplex kit HCYTOMAG-60K precustomized with IL-1β, IL-6, TNF-α, and IFN-γ analytes was used. The multiplex cytokine standard mixture from Milliplex HTH17-8014 was serially diluted with assay buffer fourfold on seven points. The diluted standard were assayed in two independent experiments with duplicate measurements. Precision was evaluated with the coefficient of variation (CV). The intra-assay %CV was generated from the mean of the %CV of two different concentrations of one experiment. Inter-assay %CV was generated across two different concentrations (second and fifth serial dilution) of two independent experiments. Accuracy is represented by the percentage recovery for each standard concentration; acceptable recovery is within 70-130% (Bio-Rad Principles of Curve Fitting for Multiplex Sandwich Immunoassays, Rev B). A reliable detection range was provided by Bio-Plex Manager™ software (Bio-Rad) with the lower limit of quantitation (LLOQ) and the upper limit of quantitation (ULOQ). The LLOQ-ULOQ defines a quantitative range where values can be estimated within an accuracy of 80-120% recovery and precision below 20% intra-assay %CV. Sensitivity is represented by the limit of detection (LOD) obtained by recalculating the concentration from 2 standard deviations of the background added to the average of the background reading. To establish batch to batch repeatability between experiments 1 and 2, two quality controls of known concentration ranges, as provided by the manufacturers, were measured in duplicate: QC1, a standard of known concentration within the lower concentration range (80-200 pg/ml), and QC2, a standard of known concentration within the higher concentration range (400-1,100 pg/ml). A concentration observed within the expected range was considered 100% recovery.
RESULTS
The DA-Bead miniaturized format offers the opportunity to design a Luminex assay with 80% fewer reagents than the conventional Milliplex protocol. DA-Bead is designed to use approximately 400 beads available per analyte with 5 µl bead usage compared to approximately 2,000 beads per analyte with 25 µl usage in a conventional Luminex assay. The bead counts for all analytes and all wells of experiments presented in this study with DA-Bead were ≥50 ( Figure 1C ) and satisfied conventional Milliplex bead count requirements despite this decrease in reagents. To investigate the performance of DA-Bead in the Milliplex assay, two independent experiments were performed with serial dilution of standards with expected known concentrations each with duplicate measurements. Five-parameter logistic standard curve fits were obtained with Bio-Plex Manager software (Figure 2 ). Fitting probability was in the range of 0.52 to 0.81, and the residual variance was calculated to range from 0.2 to 0.39 according to the analyte type. The best curve parameters were obtained with IL-1β. As shown in Table 1 , the reliable range of detection (LLOQ-ULOQ) obtained for each cytokine covered 3.5 to 4 log range of the concentration depending on the analyte type. The measured concentration of the standard correlated well with the expected standard concentration (R 2 ≥0.99). Precision analysis on DA-Bead showed an intra-assay %CV as low as 0.7% (IL-1β) up to a maximum level of 5.15% (IL-1β) depending on the cytokine and the experiments. The inter-assay CV% between both experiments was as low as 6% (TNF-α) up to the highest level of 9.71% (IL-6). The sensitivity of DA-Bead based on the LOD was 1.5 pg/ml for IL-6, 0.78 pg/ml for TNF-α, 1.19 pg/ml for IL-1β, and 2.66 pg/ml for IFN-γ. The Milliplex guidelines reported sensitivity as the minimum detectable concentration with 2 standard deviations were 1.3 pg/ml for IL-6, 1.1 pg/ml for TNF-α, 1 pg/ml for IL-1β, and 1.1 pg/ml for IFN-γ. We thus inferred that using DA-Bead achieved an almost equivalent expected sensitivity to the Milliplex expected sensitivity for IL-6 and IL-1β and slightly improved sensitivity for TNF-α but slightly lower sensitivity for IFN-γ..
The mean of the cytokine concentration, standard deviation of the mean, and percentage recovery of the standards in assay buffer are shown in Table 2 . Recoveries at each diluting level were in the 90% to 110% range. Only one exception occurred with the highest concentration standard of IL1-β showing a higher variance with a decrease to 81% recovery, a phenomenon in line with the saturation of the curve approaching the ULOQ..
To assess reproducibility from experiment to experiment, QC1 and QC2 were used. IL-6 and TNF-α were measured within the expected range, indicating 100% recovery as shown in Table 3 . QC1 for IL-1β and IFN-γ showed higher recovery up to 132% for IL1-β or 118% for IFN-γ. The maximum %CV observed was 15% with TNF-α. These results are in line with the quality control criteria from the Milliplex guidelines.
To establish DA-Bead assay reliability with tear samples, we used pooled tears prepared from 1,000 healthy patients (Table 4) . Aliquots of the same batch of pooled tears were used at a 1-month interval between two experiments. In both experiments, only IL-6 reached a detectable level within the reliable LLOQ-ULOQ range. IL-1β, IFN-γ, and TNF-α required an extrapolation beyond the ULOQ-LLOQ range due to the low cytokine expression in healthy tears. The intraassay %CV observed was below 25% for all analytes with the exception of IL-1β with 30.3%. IL-1β was undetectable in the first experiment. The elevation in the IL-1β intra-assay %CV can be rationalized by the measurement close to the LOD level ( Table 1 ). The inter-assay %CV based on both experiments performed was below 21% for IL-6, TNF-α, and IFN-γ.
We then compared whether the cytokine quantity observed with 5 µl tears would be in good agreement with the larger amount of tear sample volume at 10 µl. The intraassay %CV was particularly lower for TNF-α and IL-1β with 10 µl tears when compared to 5 µl (Table 4) . This difference in precision can be expected in view of the larger amount of cytokine available for binding that provided a quantity further distant from the LOD when compared to the 5 µl volume ( Table 1 ). The relative profile of cytokine expression between the two volumes tested was in good agreement with a correlation index of R 2 = 0.98 and confirmed the reliability of the DA-Bead cytokine profile measured in tears with 5 µl volume.
DISCUSSION
The data presented in this study demonstrated Luminex multiplex cytokine assay (IL-6, IL-1β, IFN-γ, and TNF-α) on DA-Bead with cytokine standards/quality controls with an intra-assay %CV ≤5% or an inter-assay %CV ≤10%, sensitivity to the pg/ml level, and accuracy within 70-130% accepted Luminex recovery guidelines. The DA-Bead performance is in line with the performance of a published study on conventional volumes [6] . The pooled tear sample from 1,000 healthy patients used at the 5 µl volume on DA-Bead showed detectable cytokine levels despite low expression and produced precision levels between 6.7% and 30.3% for the intra-assay %CV depending on the cytokine type. Precision between the two experiments with tears showed an interassay %CV range between 10.5% and 21% depending on the cytokine type. Quantification in tears performed at a 1-month interval between the two experiments on DA-Bead produced similar reportable quantities, and a similar relative profile was obtained between tears measured at 5 µl compared to 10 µl.
The range of the intra-assay %CV observed in our study with tears (6.7% to 30.3%) is similar to Wei et al.'s tear cytokine profile standard operating procedure study that reports an intra-assay %CV range between 9.6% and 37.56% with normal pooled tears with the same set of cytokine analytes as our study [6] . The IL-1β quantity measured in tears on DA-Bead can be discussed in view of multiple previous studies performed with bead multiplex technology. The IL-1β analyte was estimated at 1.49±0.45 pg/ml in the pooled tear sample we tested. An IL-1β single-plex bead study performed previously with healthy tears described low levels of IL-1β analyte below the LLOQ and reported sample levels at 0.62, 1.58, and 3.84 pg/ml [20] . A multiplex study with healthy tears extracted from sponges reported the IL-1β analyte level was undetectable [21] . Guyette et al. described IL-1β at 2.98±1.95 pg/ml in normal non-stimulated tears [22] . In a thyroid-associated ophthalmology study, the healthy control tears group collected with microcapillaries showed a low level of IL-1β analyte below the 2 pg/ml level [23] . Overall, the low level of IL-1β we detected with DA-Bead and bead multiplex ELISA in pooled healthy tears appears highly similar to the quantity range found in previous studies.
Luminex is a suspension array technology established to measure a multiplex cytokine profile with tear clinical samples in conventional microtiter plates [6, 7, 12, [24] [25] [26] [27] . Microtiter 96-well classical plates are currently constrained with a volume range of 25 µl to more than 200 µl, and this limits the Luminex assay if minimal sample volumes are not met. The 384-well microtiter plate assays are a suitable alternative for miniaturization of the Luminex assay below these volume ranges but require an investment in high-end automation and a Flexmap3D Luminex reader. The 384-well plates are not currently suitable for the common Luminex 200 or the MAGPIX Luminex reader. DA-Bead is a technology that can circumvent these limitations by adapting to an assay volume of 5-20µl in a conventional 96-well format for any Luminex reader with conventional pipettes and follows the same conventional Luminex workflow. Our results show that DA-Bead offers a suitable alternative to conventional plates for the analysis of tears. The volume of tears obtainable according to a standard operating process with capillary Detection range was determined with Bio-Plex manager software. LOD was calculated as the mean +2 SD of the blank in both experiments. Intra-assay %CV: Intra-assay precision for each individual experiment. Inter-assay %CV: interassay precision of both experiments. R 2 was calculated by correlating measured concentration to expected concentration of standards. , quality control at lower concentration ranges; QC2, quality control at higher concentration ranges.
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Measurement that was within the expected ranges was considered as 100% recovery. For the measurement higher than the upper ranges of the expected, the percent recovery is higher than 100%.
tubes is 4-5 µl and is usually diluted to 50 µl to fulfill enough volume for single-or duplicate-well analysis with a Luminex assay kit. The Schirmer strips are normally applied to the patients' inferior fornix for 5 min and are commonly extracted with various volumes of buffers up to approximately 100 µl volume. In the context of dry eye disease, it is possible that the amount of wetting of the strip observed and therefore the tear proteins obtained, may be low. This would benefit from a lower sample volume of 5 µl instead of the current requirement of 25 µl. The minimal sample usage with DA-Bead can also increase the number of replicates for improvement in the consistency of diagnosis or for the remaining tear sample to be analyzed by other diagnostic tests. In addition to these improvements, Luminex reagents usage on DA-Bead are reduced by 80% and can bring the diagnostic cost of one patient eye by Luminex to about the US$9 range compared to the US$43 range for conventional methods (Table 5) . From an eye clinic perspective and the patient perspective, DA-Bead can make a tear cytokine diagnostic process more affordable without incurring more time or a different learning process for the current operating staff since the workflow is similar to the conventional workflow. Use of DA-Bead with low tear volume samples could also turn out to be valuable for use in clinical trials of new therapies in ocular diseases.
In conclusion, profiling of tears cytokine with the DA-Bead plate follows the expected performance of conventional plates and offers a similar outcome as for the 5 µl tear volume instead of the 25 µl required conventionally. Use of DA-Bead can help to assess critical cytokine information Table 5 . analySiS of approximaTe reagenT coST per Sample wiTh convenTional and da-bead meThod.
Number of standards 7
Number of Blanks 1
Number of quality controls 2
Replicates for non experimental samples for bridging the gap with ocular disease diagnosis and may benefit in the monitoring of new ocular surface therapies.
